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Abstract 
Remediation of dissolved arsenic (As) in groundwater at levels as high as 38 mg/L with pH values close to 1 and Fe 
and Al concentration of thousands of mg/L was attempted at a former phosphate fertilizer plant. Adsorption of As 
onto naturally occurring ferrihydrite was considered to be the dominant process that would reduce dissolved arsenic 
concentrations. Remediation was not completely effective because bicarbonate released from CaCO3 used as the 
neutralizing agent competed with As for adsorption sites on ferrihydrite. Dissolved carbonate concentration was 
higher than normal because CO2 gas was trapped in the groundwater. Field tests of the effectiveness of groundwater 
aeration showed that removing excess CO2 from the aquifer and reducing bicarbonate concentration has the potential 
to reduce dissolved As to the required level. 
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1. Introduction 
Arsenic contamination in groundwater to levels as high as 38 mg/L was present at a former phosphate 
fertilizer plant in Charleston, South Carolina (USA). The source of the arsenic was likely pyrite that was 
burned at the plant to produce sulfuric acid used to dissolve the phosphate ore mineral apatite and release 
phosphate for fertilizer production. A second potential source of arsenic was apatite, in which arsenic is 
commonly present as a trace constituent. Waste iron oxides/hydroxides from burning pyrite that was 
disposed in the soil contained adsorbed arsenic, which was released to groundwater when the iron 
minerals partially dissolved in the acid-impacted groundwater. The plant ceased operation in the early 
1960s after about 80 years of fertilizer production. In addition to elevated arsenic in the groundwater, the 
operation had produced strongly acidic (pH 1) groundwater with high concentrations of Fe (7,400 mg/L), 
Al (7,900 mg/L), and SO4 (76,000 mg/L). 
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2. Initial Conceptual Geochemical Model 
Groundwater and reactive mineral characterization at the site led to the development of a conceptual 
model of the geochemical system in the contaminated area that covered about 8,000-m2 (2 acres) and 
extended to a depth of 9m below ground surface. In the zone of lowest pH that covered about 10% of the 
site, all of the natural neutralizing capacity of the aquifer sediment consisting primarily of nearshore 
beach deposits had been consumed by discharge of strongly acidic solutions and oxidation of residual 
sulfide minerals disposed in the soil. In this low pH zone, arsenic is primarily present dissolved in the 
groundwater and the high dissolved concentrations of Fe and Al are due to the soluble nature of 
ferrihydrite [Fe(OH)3] and gibbsite [Al(OH)3] under these conditions. 
In the less acidic zone surrounding the core of the plume, pH was in the range of 3 to 4, and dissolved 
Fe and Al were present at lower concentrations subject to the lower solubilities of their reactive minerals. 
The primary reactive mineral under these conditions for Fe is ferrihydrite, which is an excellent adsorbent 
for As. The conceptual model for this zone assumes that some portion of the total arsenic in the system is 
adsorbed and that the remainder is dissolved in groundwater. The amount adsorbed is dependent on the 
amount of adsorbent and many other system variables such as pH, Eh, solution complexation, and the 
concentrations of competing adsorbing species. Beyond the low pH zones of the plume, the influence of 
ferrihydrite on As concentration and mobility in groundwater becomes even more important because of 
the higher concentrations of this mineral, which is naturally present as a weathering product of primary 
mafic minerals. 
The PHREEQC geochemical modelling code [1] was used to model this system and calculate 
adsorbed concentrations. The results showed that, when ferrihydrite was present above a concentration of 
about 1,000 mg/kg, the majority of the arsenic present in the aquifer system was adsorbed onto the solid, 
thereby reducing arsenic mobility and dissolved concentration. The conceptual model for arsenic 
solubility at this site is tied to this adsorption process. Where the iron mineral is present at moderate 
concentrations, arsenic will be primarily adsorbed and dissolved concentrations will be fairly low (< 0.05 
mg/L). In areas where ferrihydrite is not present because of acidic conditions, dissolved arsenic 
concentrations can exceed 1 mg/L.  
3. Remediation Design and Bench-Scale Testing 
An in situ treatment method was designed to lower dissolved arsenic concentrations by enhancing 
adsorption onto ferrihydrite. The design consisted of incorporating into the soil a neutralizing agent 
(CaCO3) to raise the pH, Fe to increase the amount of adsorbent (particularly in zones of very low pH 
where the concentration of the natural adsorbent was low), and the oxidizing agent sodium percarbonate 
(Na2CO3
.1.5H2O2) to ensure that the majority of the reactive iron in the system was present as ferric iron 
precipitated as ferrihydrite. 
The design was tested in laboratory bench-scale experiments using a number of groundwater and 
aquifer matrix samples. The results showed that, even for the most impacted aquifer material, the remedy 
was effective at raising the pH to greater than 6 and lowering the dissolved As concentration to < 0.005 
mg/L and Fe to < 1 mg/L. 
 
4. Full-Scale Implementation 
Complications arising from the inability to inject a slurry of treatment chemicals directly into the 
aquifer led to a last minute change in plans to excavate the contaminated aquifer material, mechanically 
mix in the chemicals in surface piles of the excavated material, and replace the treated solids and 
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porewater back into the excavations. This process was conducted on individual cells of material 6.1m x 
9.1m (20 x 30 ft) in area and 3.7m to 9.1m (12 to 30 ft) deep. The process of excavation, treatment, and 
replacement required 4 hours per cell. The entire 8,000-m2 treatment area of 159 cells was remediated in 
several months, with completion in September 2002 [2]. 
The dissolved arsenic levels in the six post-treatment monitoring wells sampled soon after treatment 
ranged from 0.073 to 1.1 mg/L, which all exceed the cleanup level of 0.05 mg/L. The dissolved iron 
decreased from 7,600 to 234 mg/L and sulfate decreased from 76,000 to 8,000 mg/L. These levels 
represent large changes from the pretreatment contaminant concentrations. It was expected that arsenic 
and iron concentrations would continue to decrease as the groundwater was further neutralized, 
ferrihydrite precipitated, and arsenic removed from solution by the adsorption process. 
5. Long-term Monitoring Results 
Groundwater has been monitored at the site on at least an annual basis since the completion of 
remediation in 2002. Instead of improving conditions exhibited as decreasing As concentrations, the 
concentrations have increased in the monitoring wells. This trend is shown in Figure 1. All the monitoring 
wells, except for PT-MW-1, now have arsenic concentrations greater than 1 mg/L. Improved conditions 
have also not been observed for pH, which is buffered at about 6, and for dissolved Fe, which is present in 
the area of highest contamination at a level of 200 to 300 mg/L. An important new major component in 
the groundwater is bicarbonate, which had a concentration of essentially zero before treatment when the 
pH was strongly acidic, but is present in the treated groundwater at levels of 1,000 to 1,800 mg/L because 
of the use of CaCO3 as the neutralizing agent. 
6. Revised Conceptual Model and Field Test 
The post-treatment groundwater data have required a revision to the conceptual model. Calculations 
show that the primary adsorbed species on ferrihydrite is HCO3- (> 80 mol% of the adsorption sites) and 
that only about 1 mol% of the adsorption sites are occupied by As. Competition for the adsorption sites 
between As and the other adsorbing species has severely limited the effectiveness of As removal from 
groundwater by the adsorption process. This has allowed for the continued elevated dissolved As 
concentrations. Based on the pH and HCO3- concentration of the treated groundwater, the aquifer system 
is in equilibrium with a partial pressure of CO2 gas of over 0.5 atm, which has enabled the high dissolved 
HCO3- concentrations. This very high partial pressure of CO2 gas compared to the atmospheric value of 
0.0004 atm was caused by neutralization of the acidic groundwater in situ by CaCO3 and trapping of the 
gas both dissolved in the water and in the overlying unsaturated zone. Trapping of CO2 gas did not occur 
in the laboratory bench-scale experiments because the gas was allowed to exchange with atmospheric air. 
Because of CO2 degassing in the laboratory, the pH of the system was allowed to increase above 6 and the 
dissolved HCO3- concentration was much lower. The result was that As was more strongly adsorbed in 
the bench-scale experiment, and dissolved As concentrations were much lower (< 0.005 mg/L) compared 
to the full-scale field remediation. 
Because it appears that trapped CO2 gas in the aquifer is a major contributor to the continuing elevated 
As concentrations in groundwater, a simple aeration field test was designed to test the effectiveness of 
CO2 degassing on reducing dissolved arsenic concentrations. During the annual sampling round in 
October 2011, 0.75-liter samples of groundwater from four of the monitoring wells were pumped into 
separate one-liter bottles, and the water was aerated in the field for 45 minutes using an aquarium-style air 
pump. The pH of the aerated samples was then measured, and the water was sent for analysis in the 
laboratory for As, HCO3- (as alkalinity), and Fe. The results show that aeration lowered the dissolved 
arsenic concentration by at least a factor of ten (e.g., from 2.19 to 0.145 mg/L). The dissolved Fe 
concentrations were lowered several orders of magnitude from values of over 100 mg/L to about 0.05 
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mg/L. The Fe was likely precipitating as ferrihydrite providing adsorption sites for As. Alkalinity dropped 
several hundred milligrams per liter, thereby reducing competition for adsorption sites, and pH increased 
from about 6.5 to 7.8 or more. The results of these tests show that CO2 degassing of the aquifer should 
have a strongly beneficial effect on lowering dissolved arsenic concentrations in the groundwater, 
potentially to the required cleanup level. 
 
 
 
Fig. 1. Dissolved arsenic concentrations (mg/L) in groundwater monitoring wells. 
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